[1] Several small ice particles were observed to grow and evaporate in a quadrupole electrodynamic levitation cell at temperatures between À40 and À60°C and variable supersaturation. The particle mass was traced throughout each experiment by analysis of the electrical (''springpoint'') boundaries for stable levitation. Measured growth of each particle was compared with that calculated from a standard particle-growth model. The small particle sizes and long durations of the experiments provided great sensitivity to the particle-mean deposition coefficient ( m ). Suitable agreement between the measured and modeled growth histories was obtainable only upon using very small deposition coefficients: e.g., 0.0045 < m < 0.0075, with m $ 0.006 being the most-likely value for a representative particle growing at À50°C. This finding of such low deposition coefficients suggests that cirrus-cloud simulations need to account for the strong influence that the surface-kinetic resistance exerts on the vapor growth of ice at atmospherically low temperatures. 
Introduction
[2] Cirrus clouds develop in the upper troposphere when liquid droplets freeze and water vapor deposits onto the iceparticle surfaces. Subsequent evolution of the clouds may entail particle aggregation and sedimentation [Kajikawa and Heymsfield, 1989] , but homogeneous freezing and vapor deposition, the process by which water molecules diffuse toward the particle, contact the surface, and incorporate into the ice lattice, are the main microphysical mechanisms responsible for the formation of cirrus clouds [Sassen and Dodd, 1988; Heymsfield and Sabin, 1989] . How effectively ''excess'' vapor (amount above the equilibrium value) contributes to particle growth is still an open question.
[3] One measure of ice-particle growth efficiency is the ''deposition coefficient'', or mass accommodation coefficient m , which is meant to represent the fraction of excess vapor molecules that contributes to particle growth. Mathematically, a m is used as a fitting parameter in theoretical growth models [e.g., Pruppacher and Klett, 1997, p. 597] and accounts, in effect, for the diverse and still uncertain processes responsible for construction of the ice lattice at the molecular level. Mechanistic limitations to molecular incorporation at the solid-vapor interface impose an interfacial resistance to deposition that acts in series with the volume resistance generated by the diffusion of vapor through the surrounding air. Appropriate mathematical models must take both resistances to mass transfer into account, as well as the analogous resistances to heat transfer associated with the enthalpy of deposition.
[4] Gierens et al. [2003] have suggested that low deposition coefficients for small ice crystals might help explain discrepancies between expectations from cirrus cloud models and findings from in-situ observations. Recent atmospheric observations have reported surprisingly large ambient supersaturations (sometimes at much as 100% above ice saturation), as well as exceptionally large concentrations of very small ice crystals [Kahn et al., 2003; Gierens et al., 2004; Gayet et al., 2004; Jensen et al., 2005a] . Some numerical models of cirrus formation presume that vapor deposition to chemically clean ice proceeds rapidly [Heymsfield and Sabin, 1989; Boehm et al., 1999; Gierens et al., 2003; Jensen et al., 2005b] . However, if the deposition coefficient for small ice crystals is less than about 0.2, the microphysical properties of cirrus clouds are sensitive to the efficiency with which the ice takes up excess vapor [Lin et al., 2002] . Jensen et al. [2005b] found that deposition coefficients on the order of 0.05 would cause unrealistically large concentrations of small ice crystals, but Gierens et al. [2003] performed detailed calculations based on the particle-growth model of Pruppacher and Klett [1997, p. 597] and became convinced that mass accommodation coefficients lower than 0.01 offer a compelling resolution to the apparent conundrum.
[5] Measurements of mass accommodation coefficients suffer from a confusing and seemingly contradictory record. Measured values of m for ice vary greatly, according to some estimates by more than two orders of magnitude [see Haynes et al., 1992, and references therein] . A deposition coefficient of unity is highly unlikely, as the complex morphology of pristine ice crystals could not otherwise be explained, and experimental evidence abounds that both the basal and prism faces of ice crystals exhibit variable and inefficient growth at relatively high temperatures [Lamb and Scott, 1974; Nelson and Knight, 1998; Fukuta and Takahashi, 1999; Nelson, 2001; Libbrecht, 2003a] . Among the few experimental measurements of growth that have been attempted on small ice crystals at the low temperatures relevant to cirrus clouds, Isono and Iwai [1969] measured growth rates near À75°C and determined m to be about 0.06. Choularton and Latham [1977] measured the deposition coefficient to be 0.001 at À37°C, whereas Haynes et al. [1992] found values above 0.6 over a broad range of temperatures. Some of the confusion regarding the apparently contradictory values for m might be explained by the diverse experimental conditions employed and by an as-yet unclarified dependence on environmental variables, such as temperature, pressure, and saturation ratio, as well as the size and defect structure of individual particles [Rosenblatt, 1976; Gierens et al., 2003; Bailey and Hallett, 2004] .
[6] We approach this debate by presenting new measurements of the deposition coefficient of ice under controlled conditions of temperature, humidity, and particle size, with the intent of mimicking the early growth of ice particles in cirrus clouds.
Experimental System
[7] Experiments were conducted in the chamber described by Shaw et al. [2000] and modified by Magee [2006] . The operating principle is based on electrodynamic levitation to isolate a single charged particle (here, an ice crystal) in a vertical wind tunnel. Whereas the original system used a cubic cell for trapping the test particle in three dimensions, the modified system employs a vertically aligned quadrupole to confine the particle to the central axis. Trapping in the vertical direction arises independently by balancing the upward drag force against a repelling electrostatic force provided by an upper electrode. Of particular importance here, the system is configured as a ''wall-less'' flow reactor in order to prevent interference from chamber walls or upstream surfaces that could deplete vapor under supersaturated conditions (for a chemical analogy, see Lamb et al. [1996] ).
[8] The environmental chamber is enclosed within a vacuum system for thermal isolation. The temperature of the environmental gas (purified air, Balston) is controlled by two cooling baths (Neslab ULT-95), which can yield temperatures as low as approximately À70°C in the experimental zone. The temperature of the gas in the vicinity of the levitated particle is measured by a thermocouple (Type-T, ±0.03°C).
[9] Supersaturation of the ambient flow is generated by passing pre-humidified air over a warmed ice surface (covering a heating coil) just before it enters the levitation cell. Ice-supersaturations approaching liquid water-saturation can be achieved, although modest undersaturations occur in the default state (i.e., without heating of the ice coil). Variable saturation ratios can be determined accurately to within 5% (although the differential resolution is ±0.1% of the saturation ratio) by a technique employing a thermocouple measurement of the final-flow temperature coupled with a model of mass and energy balances applied to the ice coil. This approach was tested via an independent calibration performed under similar operating conditions. In this calibration, the measured sizes of levitated H 2 SO 4 solution drops were compared to the calculated sizes for each of several imposed saturation ratios [Carslaw et al., 1995] . The sizes of levitated droplets were determined by counting the number of Mie-scattering fringes across a known scattering angle centered on 90° [Shaw et al., 2000; Xue et al., 2005] .
[10] Changes in particle mass were measured by exploiting the principles of electrodynamic levitation for our configuration Makin, 1991a, 1991b] . Briefly, the Mathieu function that describes quadrupole levitation exhibits an envelope of stability that depends primarily on the charge-to-mass ratio of the particle and the frequency of the applied AC potential [see March and Todd, 2005] . A levitated particle at a stability (or ''springpoint'') boundary is observed to orbit dramatically. Because the charge on a growing particle remains constant throughout a given run, the relative mass (m/m 0 ) of the particle can be determined via repeated measurements of the springpoint frequencyŵ from the following relationship:
where the subscript ''0'' refers to the initial state of the particle. This springpoint technique was tested for applicability and accuracy in our system by comparing the mass changes of liquid droplets calculated from the levitation parameters with those determined by the optical Mie-scattering technique. These tests demonstrated that the springpoint method achieves a mass resolution from one measurement to the next of ±1%, which corresponds to a change of about ±0.02 m in radius for a 5-m particle (see Magee [2006] for details). Measurements based on levitation stability are directly sensitive to particle mass (in contrast to the radius sensitivity of optical measurements) and are independent of the thermodynamic phase of the particle.
[11] Each experimental run was initiated by setting the desired chamber temperature and flow conditions. The voltages were then set on the quadrupole electrodes, as well as on the induction cylinder of the particle launcher. Once a charged droplet (derived from purified water; Barnstead Nanopure) was injected into the test region, the voltages were quickly adjusted in order to position the particle for optimal viewing by a video camera. The supercooled droplet ($5 m in radius) froze homogenously in all experiments operated at or below À40°C. This initial process of capturing and freezing a water droplet occurred within less than a second. At approximately two-minute intervals during an experimental run, the frequency of the AC potential on the quadrupole electrodes was adjusted downward until the first indication of instability was seen in the horizontal confinement of the particle. As soon as this ''springpoint'' was obtained and recorded, the frequency was increased to restore stable levitation. Because the electrical measurements have a simple relationship to the mass of the levitated particle (equation (1)), this record of springpoint frequencies at known times provides a lifetime history of particle mass.
[12] The mass data were later compared with calculations from a numerical model of ice particle growth. The model, described by Chen and Lamb [1994] , approximates the shape of an ice particle by a spheroid and adapts the growth equation [see Pruppacher and Klett, 1997, p. 547 ] to allow for changes in particle shape by adjusting the particle capacitance (electrostatic analogy). It has been argued that the growth of ice crystals with complex morphology, characteristic of vapor-grown ice at low temperatures , cannot be so simply computed [Wood et al., 2001] . However, the early stages of growth from small frozen droplets are not likely to yield highly aspherical shapes, and the model performed well when compared with independent wind-tunnel data at higher temperatures [Chen and Lamb, 1994] . Measurements by Korolev et al. [2004] , too, suggest that even larger frozen droplets maintain a roughly-spherical shape for significant periods of time under moderate growth conditions. The particle-growth model used here is similar to that employed by Gierens et al. [2003] to evaluate the likely importance of small deposition coefficients in controlling the properties of cirrus clouds.
Results
[13] The measurements presented here in detail were derived from a levitated ice particle growing and evaporating at a nominal temperature of À50°C. The procedures and findings for this particle are representative of all other experiments conducted over a period of several months using independent water samples. Table 1 summarizes the results from the various ice particles levitated at different ambient temperatures using similar profiles of ambient humidity.
[14] During the experiment conducted at À50°C, the air flow past the particle was 5.3 L min À1 (measured at room conditions), and the pressure was atmospheric (973 hPa). A pure water droplet (distilled and deionized) was injected and levitated with an initial springpoint frequency of 100.2 Hz. The droplet rapidly froze and was observed for about one hour and twenty minutes over a cyclic range of saturation ratios (see Figure 1, top) .
[15] Over the course of the experimental run, a total of 35 springpoint measurements were made and subjected to Mathieu function analysis. The resulting values of relative mass, normalized to the initial mass of the particle, are represented as crosses in Figure 1 (bottom). The particle responded rapidly to the changing ambient conditions, demonstrating an initial period of slow evaporation, followed by alternating periods of growth and evaporation in response to the imposed changes in saturation ratio. As expected, the maximum rates of mass gain corresponded precisely with the measured peaks of supersaturation, and the four separate instances of zero mass growth aligned with equilibrium (horizontal dashed curve in Figure 1, top) .
[16] The results of the model calculations for the integrated mass of the ice particle are also shown in the bottom panel of Figure 1 . In our particle-scale model of mass growth and evaporation, the small size of the levitated particle and the long periods of integration result in large sensitivity to the deposition coefficient a m . This sensitivity far outstrips the variability resulting from uncertainties in other model parameters. We find that in order to explain the growth and evaporation of the levitated ice particle, the model requires an extremely small deposition coefficient. The value of m = 0.04 is clearly seen to produce a model of ice-particle growth that is far more responsive than that Stage'' ). An improved approach to drop-size measurement, utilized for the particle at À44°C, did not reduce the uncertainty in the apparent mass accommodation coefficient. Figure 1. (top) Ambient saturation ratio measured while the ice particle was levitated at a nominal temperature of À50°C. (bottom) Time series of normalized ice particle mass, measured (crosses) and modeled (solid and dashed curves), in response to the imposed supersaturation shown above. The mass accommodation coefficient ( m ) used in the model calculations was varied before and after the Initialization Stage as indicated.
found experimentally. During the initial phase of evaporation, prior to the first instance of particle growth, the particle behavior is best explained with m = 0.0025. Once the particle began to grow, the remaining data are best matched using m = 0.006 ± 0.002 (roughly the range depicted by the shaded area in the bottom panel of Figure 1 ). Slightly different coefficients were used in the initial and main stages to refine the fitting procedure; the difference may reflect a distinction in particle morphology between the two stages, or it may simply be an artifact of the experimental procedure.
Discussion
[17] The small deposition coefficients needed to model the observed growth of all of our ice particles (Table 1) likely result from severe limitations of molecular incorporation into the crystal lattice. One may appropriately question the assumptions upon which the growth model was constructed, but even a conservative view of experimental errors and model uncertainties forces us to the conclusion that the ice particles had difficulty utilizing the available excess vapor. The deposition coefficient as currently used in particle-growth models is, at least to first approximation, a reasonable measure of growth efficiency and determined by the relative rates of the various physical processes involved.
[18] The physical cause for such inefficiency can only be speculated upon at this time. We have little information about the particles beyond their masses and the net rates of vapor uptake as functions of time. We can safely assume that the particles were roughly spherical, but it was not possible to determine any morphological characteristics. The sizes of the ice-initiating droplets were relatively large ($5 m radius), so it is very likely that the droplets froze into polycrystalline ice particles [Gierens et al., 2003] . The water droplets, unlike those expected in the atmosphere, were relatively pure, so arguments about surface impurities interfering with growth cannot come into play here. Electrical effects can influence crystal growth at high applied potentials [Bartlett et al., 1963; Libbrecht and Tanusheva, 1999] , but the net field at the center of a quadrupole trap is well below the threshold needed for observable effects, and the sense of the influence would be, moreover, to increase, not decrease particle growth. Measurements by Bacon et al. [2003] on electrodynamically levitated ice crystals also offer evidence that the moderate electric fields associated with our technique do not affect particle growth.
[19] Our results appear to be consistent with the conclusion of Gierens et al. [2003] that size is key to understanding the small deposition coefficient, not so much because the particle itself was so small, rather (perhaps) because the individual crystalline facets, upon which the overall growth of the particle depends, were small. If individual facets lacked emergent screw dislocations, for instance, growth would have to proceed by two-dimensional (or layer) nucleation [Frank, 1982; Nelson and Knight, 1998 ]. In this case, one can envisage a scenario whereby the probability of forming a critical embryo (i.e., a sufficiently large molecular ''island'') on the surface would be low at the modest supersaturations used in our experiments. In line with conventional nucleation theory, the rate of forming critical embryos on a facet would scale with the area of the facet and increase with the local supersaturation. Such a mechanism works counter to the model of ''structure-dependent attachment kinetics'' proposed by Libbrecht [2003b] to account for the fast-growing prism facets of thin plates, but his mechanism was not meant to apply to particles with near-unity aspect ratios.
[20] Our finding of small deposition coefficients should not be viewed as universal and applicable to all ice crystals growing between À40 and À60°C, or even to most small ice crystals in cirriform clouds. The supersaturations that were applied to the laboratory particles were not large, certainly not as extreme as those encountered in many cirrus clouds. Larger supersaturations would almost certainly result in more efficient molecular accommodation (and more rapid depletion of water from the vapor phase). The measurements of Isono and Iwai [1969] , for instance, took place using ice exposed to high supersaturations (much greater than 100%), and they indeed found higher deposition coefficients (though still less that 0.1). It is tempting to speculate that low deposition coefficients may be characteristic of upper-tropospheric clouds (e.g., cirrostratus) that form during slow uplift, whereas large deposition coefficients are typical of ice clouds forming in locally rapidly rising air (e.g., cirrus uncinus) [Heymsfield, 1975] . The low deposition coefficients found in this experimental study may represent just one set of values within a multidimensional function that includes particle size, supersaturation, and temperature as independent variables [Rosenblatt, 1976; Libbrecht, 2003a] .
Conclusions
[21] The experimental technique of merging electrodynamic levitation with a vertical wind tunnel worked well for this study of ice-particle growth at temperatures characteristic of some cirrus clouds. Levitation, especially when used in a ''wall-less'' flow configuration, keeps the particle isolated from wall influences and within a narrow field of view. The upward flow of cold gas through a packed bed of ice and a warmed ice coil permits the appropriate manipulation of gas properties and the development of calibrated supersaturations. Future studies will exploit these novel features of the system and explore the factors that limit the growth efficiency of small ice particles.
[22] The fact that the observed ice particles grew with a deposition coefficient of less than 0.01 helps to explain apparent discrepancies between cirrus cloud observations and findings from numerical models. In particular, our result lends credence to the hypothesis of Gierens et al. [2003] that a small particle-average deposition coefficient contributes to the high supersaturations and high concentrations of small ice crystals found in many cirrus clouds by restricting the depletion of excess vapor following homogeneous freezing of aqueous solution droplets. Simulations of cirrus clouds need to account for the strong influence that the surface-kinetic resistance exerts on the depositional growth of ice from the vapor.
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